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Abstract  
Polypropylene is frequently used in food contact applications, mainly for packaging or in food 
boxes to be used in microwave ovens. In this study, the biofilm elimination effect of selected 
essential oils (cinnamon, marjoram, and thyme) was evaluated against immature and mature 
biofilms of Escherichia coli and Listeria monocytogenes formed on polypropylene (PP) 
surfaces. The Response Surface Box-Behnken Design (BBD) with three variables and 17 
assays was used to optimize concentration of essential oils (EOs) (1.1–15.8 mg/mL), 
disinfection time (10 min), and level of pH (4.5-7.5) in the EO-based disinfection solutions. 
The optimized disinfectants were used against 24-, and 168-hours old biofilms formed on PP 
surfaces, and were successful in elimination of immature and mature biofilms, except 
cinnamon EO for E. coli where biofilms were destroyed only partially. The disinfectant effect 
of the EO-based natural solutions was in most cases equivalent or better compared to the per-
acetic acid-based chemical sanitizer used in food industry or to sodium hypochlorite. 
 
Keywords: biofilm, Box-Behnken design, disinfectant, essential oils, polypropylene  
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1. Introduction 
Violation of Good Hygienic Practice in food industry, or improper cleaning in households, 
causes cross-contamination and allows biofilm formation [1]. In biofilms, microorganisms are 
strongly attached to surfaces [2] and create a serious hygienic problem by contaminating food 
and reducing shelf-life [3, 4]. Biofilms can develop on food contact surfaces commonly used 
in food industry, such as stainless steel, plastic, and glass [5]; so that theses surfaces, involved 
in processing, storage and handling of food, can act as sources of microbial contamination [3]. 
Improper design of the equipment may foster biofilm growth and hinder complete disinfection 
[2]. Removal of biofilms needs higher concentration of antimicrobials compared to planktonic 
cells, because the extracellular polymeric substance of the biofilm (also important in quorum 
sensing; [6] acts as a physical/chemical barrier [7, 8]. 
The bacteria involved in our study are known to cause biofilm-related outbreaks [6]. In 
dairy industry, E. coli (as well as Bacillus cereus and Staphylococcus aureus) was found in 
biofilms, and L. monocytogenes formed biofilm in ice cream equipment [9]. L. 
monocytogenes can grow also at low temperature and at wide range of pH (4.6-9.5). It has 
been found on processed vegetables [10] and on food industrial surfaces under refrigerated 
conditions [11]. Pathogenic E. coli has been involved in numerous foodborne outbreaks [12]. 
It was detected, e.g., in raw meat, meat products, milk, yoghurt, water, vegetables, fruits, and 
cider [13]. It can be detected hours or days after contamination on hands, sponges, and 
utensils [14]. 
Bacterial attachment is unavoidable because it can take place before cleaning or 
disinfection [15]. Routine industrial and domestic sanitizing methods are not efficient enough 
in controlling biofilm formation so new biofilm control strategies, possibly based on natural 
substances, are needed [16]. By using natural agents, generation of health damaging by 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
4 
 
products like toxic chloramines can be prevented and costumers’ demand for effective but 
non-toxic, environment friendly products can be satisfied.  
Plant extracts, including essential oils (EOs), show antibacterial and antifungal effect, 
suggesting that they can become novel disinfectant compounds. Most of the EOs are generally 
recognized as safe (GRAS) [17]. EOs are hydrophobic (more so at low pH), penetrate easily 
across the cell wall and biological membranes, alter membrane fluidity and permeability, 
coagulate cytoplasm, and diminish mitochondrial proton motive force [18]. The cytoplasmic 
membrane is disrupted through the effect of monoterpenes of EOs, which causes the cell 
death [19]. Gram negative bacteria have mainly lesser sensitivity to EOs than Gram positive 
ones because the outer membrane inhibits the penetration of small hydrophobic molecules 
[20-22]. 
The effect of marjoram EO on various bacteria was found dissimilar; it was, e.g., more 
active against E. coli, S. aureus, B. cereus, than Pseudomonas spp. [21]. In our previous 
experiments, marjoram showed very good anti-biofilm effect against Pseudomonas putida 
both in pure culture and co-cultured with E. coli. Cinnamon EO in 1 µl/mL
 
concentration also 
inhibited the biofilm formation of the E. coli – P. putida mixed culture [23]. Oregano, thyme, 
bay and clove EOs were the most active against E. coli [13]. Thyme, containing the phenolics 
carvacrol or thymol as main components, showed excellent antifungal activity against 
Candida and Aspergillus species [24, 25] and was successfully used against a number of 
bacteria [20]. We used thyme EO and its main component thymol for the shelf life extension 
of artificially infected poultry meat [26].  
In the present study, the antibacterial and anti-biofilm effect of cinnamon, marjoram and 
thyme essential oils was investigated against two food-borne bacteria, forming biofilm on 
polypropylene (PP) surfaces used frequently in food contact applications such as packaging of 
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dairy products and food boxes to be used in microwave [27, 28]. Some kitchen utensils like 
spatulas are also made of PP. 
Box-Behnken experimental design was used to optimize the parameters of disinfection 
action. The variable factors were concentration of the oils, treatment time, and pH. Making 
use of our previous experiments, we constructed a possible optimal domain for the 
controllable factors in which we expected the optimum. 
2. Materials and methods  
2.1. Bacterial strains and cultivation 
The strains used in this study were from the Szeged Microbiology Collection (SZMC; 
World Data Centre for Microorganisms (WDCM) 987): Escherichia coli SZMC 0582, and 
Listeria monocytogenes SZMC 21307. E. coli was cultivated in Luria-Bertani (LB) broth: 
NaCl, 10 g (VWR, Belgium); bacto peptone, 10 g (Oxoid, England); yeast extract, 5 g 
(HiMedia, India) in 1000 ml, pH 5.6. TSB (tryptic-soya broth) was used for L. 
monocytogenes: casein peptone, 17 g (Merck, Germany); soya peptone, 3 g (Oxoid, England); 
glucose, 2.5 g (VWR, Belgium); NaCl, 5 g (VWR, Belgium); K2HPO4, 2.5 g (Reanal, 
Hungary), in 1000 ml, pH 5.7. The media were solidified by adding 20 g/L
 
agar-agar (VWR, 
Belgium). The bacteria were incubated at 37 °C for 18-20 hours. 
2.2. Essential oils 
The essential oils of cinnamon (Cinnamomum zeylanicum), marjoram (Origanum 
majorana), and thyme (Thymus vulgaris) were purchased from Aromax Natural Products Ltd. 
(Budapest, Hungary). Main components of the oils (Table 1) were determined by the producer 
using GC-MS (Agilent 6850 Series II; MS: 5975C VL MSD; Agilent Technologies, Palo 
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Alto, CA, USA). In order to avoid changes in the concentration of the main components we 
used the same lot of EOs during the whole experimental work. 
Stock solutions (100 mg/mL) for MIC determination of the EOs were made in the 
corresponding medium containing 2% Tween 40 (Sigma-Aldrich, USA) for dispersing the oil. 
Final concentration of Tween 40 during MIC determination was 1% which in our previous 
experiments showed no antibacterial effect. 
2.3. Screening and determination of minimum inhibitory concentrations (MIC) 
MIC of the EOs was determined in two steps. First, broth micro-dilution method was used 
but optical density (OD) measurement gave incoherent results because high concentrations of 
thyme EO caused turbidity in the wells. Hence, we decided to use the method described by 
Sarker et al. [29]. Viable cells were detected, after 18-20 hours incubation, by adding 20 µl 
resazurin (Cell Titer-Blue® Reagent, Promega) to the wells containing 100 µl cell 
suspensions (10
5 
colony forming unit (CFU)/mL initial concentration) mixed with 100 µl EO 
solutions in the concentration range of 0.05-50 mg/mL. After 1 hour, color change was 
checked visually and wells showing no change in the blue color (that is, no metabolic activity) 
were chosen for MIC determination by the tracking plate method [30]. Then 10 µl of the 
cells-EO suspensions were transferred on corresponding solid media (LB for E. coli and TSB 
for L. monocytogenes), and after 24-hour incubation at 37 °C, the colonies were counted. MIC 
was defined as the EO concentration where no colony growth was observed. Four replicates 
were used for MIC determination. 
2.4. Preparation of PP surfaces and biofilm formation 
Slides in the size of 2 x 2 cm were cut from a commercially available standard 
polypropylene spatula (Kitchen Craft, UK) used in a frozen pastry factory for jam filling. The 
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slides were defatted using a standard dishwashing agent, and were disinfected: submerged in 
96% ethanol overnight and autoclaved at 121 °C for 20 min. 
The sterile slides were immersed into 50 ml Falcon tubes (VWR, Belgium) (fixed in 
vertical position to ensure bacterial attachment on both sides) containing bacterial suspensions 
(10
6 
CFU/mL) in LB or TSB broth. The slides were incubated without shaking at 37 °C for 4 
hours to allow cell attachment. Then the slides were removed, rinsed with sterile distilled 
water to remove non-attached cells. Rinsed slides were immersed into fresh medium to allow 
growth of the attached cells and biofilm formation. Slides were incubated for 24 hours 
(development of immature biofilms) or 168 hours (matured biofilms) at 37 °C. After 
incubation, the slides were removed, rinsed with sterile distilled water and immersed into the 
disinfection solutions. 
2.5. Optimization of EO-based disinfection solution 
The Response Surface Box-Behnken Design (BBD) was used to optimize EO 
concentration (A), time (B), and level of pH (C) for disinfection solutions containing the 
investigated EOs. These parameters were the independent variables. Range and center point 
values of variables are presented in Table 2. The response (dependent) factors were the cell 
number (log CFU/mL) of survivors in L. monocytogenes and E. coli biofilms after treatment. 
The basis of the model is a second-degree polynomial equation [Eqn. 1.]: 
y = β0 + β1A + β2B + β3C + β11A
2 + β22B
2 + β33C
2 + β12AB + β13AC + β23BC  [Eqn. 1.] 
where y is the response (cell number); β0 is the intercept; β1, β2, β3 are coefficients of 
concentration of EO (A), contact time (B) and level of pH (C); β11, β22, β33, β12, β13, β23 are 
interaction coefficients of variables A, B, and C. Design Expert software (Version DX10, 
Stat-Ease) was used for analysis of the design data.  
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For each bacterial strain and EO a BBD was performed, totally 6 BBDs. For each BBD 
17 assays were performed with 5 repetitions of the central points. 
For adjusting the pH 1 mol/L acetic acid or 1 mol/L
 
NaOH were used. In pre-experiments 
the acidic pH which did not affect cell growth in both species was 4.5 (Table S1), thus this pH 
was chosen for the lower limit of pH range. The concentration range for EOs was set using 
the MIC values established in section 2.3. MIC, 3 x MIC and 2 x MIC values were used as the 
lowest, highest and central point concentrations, respectively. The disinfectant solutions were 
a mixture of sterile saline, Tween 40 at 1% as emulsifier, and one of the investigated EOs in 
the concentration range given in Table 2. The mixtures were vigorously shaken for 1 min. The 
experiments were carried out at room temperature (23-25 °C). 
Optimized parameters were established by using PP slides with 24 hours old biofilm. 
These slides were dipped into the different disinfectant solutions and, after reaching the 
contact time defined in Table 2, were removed and rinsed with sterile distilled water. Rinsed 
slides were then put into sterile saline and attached cells were removed by sonication 
(SilverCrest Sur 46 B1, Ultrasonic Cleaner, Germany) applying 50 Hz and 50 W for 5 min 
[31]. The number of survivor cells in the biofilm was determined by spreading 100 μl from 
appropriate dilutions on LB or TSB agar plates. After 24 hours incubation at 37 °C, colonies 
were counted. 
2.6. Biofilm removal 
The effect of optimized natural disinfectant solutions was proved by the elimination of 
immature (24-hour old) and mature (168-hour old) biofilms from PP surfaces. The surfaces 
were prepared as described in section 2.3. The biofilms formed were removed by the 
optimized disinfectant solutions, and remaining cell number was determined as described 
above. Parameters for the solutions were determined from the contour curves established in 
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BBD experiments (Fig. S1-S6 and Table 7). In the control, the slides bearing biofilms were 
treated with saline containing 1% Tween 40 only. The contact time was 10 minutes for all 
solutions. 
The anti-biofilm capacity of essential oils was compared to sodium hypochlorite (Vinyl 
Ltd., Hungary), and HC-DPE (active ingredients: 15% peracetic-acid, 20% total peroxide;, 
Hungaro Chemicals, Hungary), a widely used industrial disinfectant. Sodium hypochlorite 
was freshly prepared, according to the instructions of the manufacturer, from concentrate by 
adding tap water to give the concentration of 0.084 mg/mL and was used at pH 7.0 for 10 min 
at room temperature. HC-DPE was also used according to the instructions of manufacturer: 
0.1% (v/v) at pH 4.0 for 10 min at room temperature.  
2.7. Scanning electron microscopy 
Disinfection effect of EO-based solutions on bacterial biofilm formation was visualized by 
scanning electron microscopy (Hitachi S4700). The slides bearing 24- and 168-hour old 
biofilms were immersed into the disinfection solutions and prepared as follows: (1) fixation in 
2.5% glutaraldehyde in phosphate buffer (0.133 M K2HPO4, 86.8 ml; 0.133 M KH2PO4, 13.2 
ml; pH 7.5) at room temperature for 2 h; (2) dehydration in increasing concentrations of 
ethanol (50, 70, and 80% (v/v)) for 2 x 15 min; in 96% EtOH for 3 x 30 min, and finally in 
100% EtOH for 2 hours at room temperature; (3) freeze-drying for 4 h; and (4) gold 
membrane coating as described in detail by Kerekes et al. [23].  
2.8. Statistical analysis  
Data of the experiment design were analyzed using one-way ANOVA (Design Expert 
DX10, Stat-Ease). Means were compared by the Tukey’s test and level of significance was 
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p<0.05. Differences between biofilm elimination of the control and the treatments were 
analyzed by t-test (Microsoft Excel 2016) at the significance level of p<0.05. 
3. Results 
3.1. Establishment of MIC values 
MIC values of the used EOs were between 0.4 and 6.3 mg/mL, with cinnamon EO having 
the best results for both investigated bacteria. There were no differences between MICs for 
marjoram and thyme EOs. MICs were 0.4 mg/mL (cinnamon), 1.6 mg/mL (marjoram, thyme) 
on E. coli and 1.6 mg/mL (cinnamon) and 6.3 mg/mL (marjoram, thyme) on L. 
monocytogenes. 
3.2. Optimization of disinfection solution  
Results on the anti-biofilm activity of the investigated EOs in the experimental design are 
shown in Table 3 and 4. Except for cinnamon EO against L. monocytogenes, all the 
investigated EOs could reduce the viable cell numbers of the bacteria in 24-h old biofilms 
below the detection limit (1.04 log CFU/cm
2
). The models were subjected to analysis of 
variance (Table 5 and 6). For all models, the p value was less than 0.05, and the multiple 
correlation coefficient (R
2
; showing fitness of the model) was greater than 0.84 (except for 
cinnamon EO on L. monocytogenes biofilm), showing that correlation between the predicted 
and observed values was good. The adequate precisions (signal to noise ratio) were over 4 so 
the model could be used for the design. 
Concentration effect of the investigated EOs was significant (p <0.05) on both bacteria, 
as was contact time, except for thyme EO on L. monocytogenes. The pH was significant only 
in the case of marjoram and thyme EO against E. coli. Based on the data of optimization and 
contour plots, the models could be used for biofilm elimination.  
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3.3. Biofilm elimination 
The number of viable attached cells on PP surfaces depended on the age of the biofilm. 
After a 24-h incubation, cell number was higher (4.77-3.78 log CFU/cm
2
) than after 168 hours 
(4.14-2.65 log CFU/cm
2
). 
E. coli biofilm was totally eliminated by marjoram and thyme EO containing solutions at 
acidic pH (p <0.05) (Table 7). In case of L. monocytogenes, the effective concentration of 
marjoram and thyme EOs was about 3 times higher than for E. coli and pH played only 
limited role. Cinnamon EO was not used for L. monocytogenes biofilm elimination because it 
was ineffective in the optimization experiments. The effectiveness of the natural, EO-based 
disinfectants was similar or better than that of the commercial or industrial ones (Table 7), 
showing that EO-based disinfection could represent a suitable alternative. 
3.4. SEM pictures 
The SEM photos demonstrated that the surface of the PP slides was scaly; probably 
rubbing during the cleaning process caused this tiny damage. Formation of microcolonies and 
single sessile cells can be observed on slides bearing 24-h old biofilms. Matured biofilms 
(168-h old) are presented as tightly collated cells in one or two layers. On the thyme EO-
treated slides no cells can be found showing the effectiveness of the treatment (Fig. 1.). 
4. Discussion 
The aim of our study was to create alternative, natural disinfectants usable in households 
and food industry. In the literature, numerous articles can be found on the antibacterial effect 
of essential oils, but only a few studies deal with their effects on biofilms [2, 6, 8, 23, 31]. 
Plastic and stainless steel are frequently used materials of food contact surfaces in food 
industry and households. Surface materials support the growth of biofilm in the following 
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order: latex > polyethylene > PVC > polypropylene > stainless steel > glass [32]. In our study, 
the disinfection effect of essential oils on PP was examined while most of the data in the 
literature are about biofilm removing from stainless steel [16, 33], and only a few studies 
describe biofilm eradication from plastic, especially form polystyrene surfaces [34, 35]. 
In most published results, the required disinfection time for essential oils was too long 
(over 60 min), not economical in food factories or in households. Desai et al. [34] reported 
that L. monocytogenes biofilm was not removed after 4 hours treatment with 0.5% thyme EO, 
but after 24 h, 0.25% was enough for the elimination. Soni et al. [35] observed that one day 
old Salmonella Thyphimurium biofilm population was reduced by about 1-2 log CFU after 1-, 
4-, and 24-h treatments with 0.025% thyme. When the EO concentration was doubled, the 
numbers of viable cells fell below the detection limit (1 log CFU) after 1 h, showing that EO 
concentration was one of the most crucial factors in efficacy. In our study, disinfection time 
was 10 min for both 24 and 168 hours old biofilms, similarly to de Oliveira et al. [33] who 
used 16-20 min for the elimination of E. coli (EPEC) and L. monocytogenes mono- and 
mixed-culture biofilms. Our results show that, besides EO concentration and treatment time, 
pH also can significantly influence the disinfection efficacy (Tables 4-5). 
Nostro et al. [4] reported that carvacrol in acidic environment (pH 5.5) had very good 
antibacterial effect against staphylococci. We also observed that disinfection effect of 
marjoram and thyme was better at low pH, probably due to the more hydrophobic character of 
the EO components in acidic medium. 
Surface response optimization model was used only in a few studies with essential oils: 
edible chitosan coating containing EOs [36], and activity prediction of essential oils [37]. De 
Oliveira et al. [33] optimized the concentration and contact time of cinnamon EO and 
cinnamaldehyde against EPEC and L. monocytogenes biofilms on stainless steel. 
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Box-Behnken Design is used mainly for analytical purposes [38]. It requires fewer runs in 
three factor experiments than Central Composite Design. As shown by the literature on 
essential oils, BBD has been used for optimization of EO extraction [39] or EO application 
for medical purposes [40]. To our knowledge, this is the first time that BBD was used for the 
optimization of a disinfectant solution. Considering the increasing number of investigations 
about the application of various natural agents as antimicrobials, the use of BBD could reduce 
the number of trials. 
In the study by Azevedo et al. [36], the most important factor was concentration of the 
essential oil, similarly to our study. In both, sessile Gram positive bacteria proved to be more 
resistant to essential oils (as shown by MIC values) than Gram negative ones. In basic 
antibacterial investigations, however, Gram positive bacteria were more sensitive to EOs than 
Gram negative ones [20-22]. This difference points to the importance of establishing 
disinfection factors for biofilms, which may vary greatly from factors need to kill planktonic 
cells. 
It has to be bring to mind that growing conditions may influence the phytochemical 
composition of plants and in this way the antimicrobial properties of their EOs. Among others 
climatic conditions, harvesting time and phenological stage of the plant have to be mentioned 
[41-42]. Therefore, it is important to characterize and standardize EOs used for practical 
applications. 
Based on our results and literature data, EOs appear to be suitable for disinfection of PP 
surfaces in food contact application in households and industry. In contrast to the traditional 
chlorine-based disinfectants, EOs are environment friendly and safe in usage, e.g., by 
avoiding the generation of toxic chloramines. Chorianopoulos et al. [43] found EOs 
advantageous as anti-biofilm disinfectants because their bactericidal effect is reached in short 
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time. Further advantages of EOs are their natural origin, and rare bacterial resistance because 
of multiple active components presents [8].  
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Table 1 Main components of the investigated essential oils as given by the producer 
 
Components (%) Cinnamon Marjoram Thyme 
β-phellandrene - 8.0 - 
Cinnamaldehyde 91.3 - - 
-terpinene - 19.5 6.2 
p-cimene - - 31.7 
Terpinene-4-ol - 33.5 - 
Thymol - - 51.8 
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Table 2 Levels and factors of Box-Behnken response surface experiment design for bacteria 
and essential oils 
 
Bacteria 
Essential oils Cinnamon Marjoram Thyme 
Levels -1 0 +1 -1 0 +1 -1 0 +1 
E. coli Concentration 
(mg/mL) (A) 
0.4 0.8 1.2 1.6 3.2 4.8 1.6 3.2 4.8 
L. 
monocytogenes 
Concentration 
(mg/mL) (A) 
1.6 3.2 4.8 6.3 12.5 18.9 6.3 12.5 18.9 
 Time (min) 
(B)* 
10 60 110 10 60 110 10 60 110 
 pH (C)* 4.5 6.0 7.5 4.5 6.0 7.5 4.5 6.0 7.5 
The variables contact time (B) and pH (C) were same for both bacteria. 
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Table 3 Box-Behnken design matrix with levels of independent and response variables for E. 
coli biofilm treatment 
 
A; concentration (mg/mL) B; 
time 
(min) 
C; 
(pH) 
Cell number (log10 CFU/cm
2
) 
cinnamon 
EO 
marjoram and 
thyme EO 
cinnamon 
EO 
marjoram 
EO 
thyme 
EO 
0.4 1.6 10 6.0 4.15 4.26 3.95 
0.4 1.6 60 4.5 3.90 <DL <DL 
0.4 1.6 60 7.5 3.70 4.00 3.85 
0.4 1.6 110 6.0 3.95 3.78 <DL 
0.8 3.2 10 4.5 3.48 2.48 <DL 
0.8 3.2 10 7.5 3.36 4.04 3.70 
0.8 3.2 60 6.0 3.85 4.08 3.60 
0.8 3.2 60 6.0 3.70 4.00 3.70 
0.8 3.2 60 6.0 3.90 4.18 4.48 
0.8 3.2 60 6.0 3.85 4.08 3.60 
0.8 3.2 60 6.0 3.78 4.04 3.70 
0.8 3.2 110 4.5 <DL* <DL <DL 
0.8 3.2 110 7.5 3.15 3.60 <DL 
1.2 4.8 10 6.0 3.48 3.95 3.48 
1.2 4.8 60 4.5 <DL <DL <DL 
1.2 4.8 60 7.5 <DL 3.78 <DL 
1.2 4.8 110 6.0 <DL <DL <DL 
*<DL - under detection limit (<1.04 log CFU/cm
2
) 
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Table 4 Box-Behnken design matrix with levels of independent and response variables for L. 
monocytogenes biofilm treatment 
 
A; concentration (mg/mL) B; 
time 
(min) 
C; 
(pH) 
Cell number (log10 CFU/cm
2
) 
cinnamon 
EO 
marjoram; thyme 
EO 
cinnamon 
EO 
marjoram 
EO 
thyme 
EO 
1.6 6.3 10 6.0 4.43 4.20 4.08 
1.6 6.3 60 4.5 4.36 4.15 3.00 
1.6 6.3 60 7.5 4.30 3.95 2.90 
1.6 6.3 110 6.0 3.85 3.70 3.48 
3.2 12.5 10 4.5 3.38 <DL* 3.30 
3.2 12.5 10 7.5 4.30 <DL 3.00 
3.2 12.5 60 6.0 4.15 <DL 3.95 
3.2 12.5 60 6.0 4.18 <DL 3.70 
3.2 12.5 60 6.0 4.04 <DL 3.78 
3.2 12.5 60 6.0 4.18 <DL 3.90 
3.2 12.5 60 6.0 4.26 <DL 3.95 
3.2 12.5 110 4.5 4.32 <DL <DL 
3.2 12.5 110 7.5 4.08 <DL <DL 
4.8 18.9 10 6.0 4.23 <DL <DL 
4.8 18.9 60 4.5 4.00 <DL <DL 
4.8 18.9 60 7.5 3.90 <DL <DL 
4.8 18.9 110 6.0 3.78 <DL <DL 
*<DL - under detection limit (<1.04 log CFU/cm2) 
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Table 5 Regression coefficients, p values, coefficients of determination (R
2
), significance of 
lack of fit, adequate precision and type of model for the response variables obtained after E. 
coli biofilms subjected to different concentrations of essential oils 
Variables Cinnamon EO Marjoram EO Thyme EO 
Mean 4629.41 7311.76 2647.06 
EO concentration (A) -4125.00* -2375.00* -1625.00* 
EO concentration
2 
(A
2
) 737.50 -1787.50 -350.00 
Contact time (B) -1487.50* -3537.50* -2125.00* 
Contact time
2
 (B
2
) -837.50 -1962.50 -850.00 
pH (C) -287.50 3837.50* 1500.00* 
pH
2 
(C
2
) -4087.50* -6212.50* -2100.00* 
EO concentration x contact time  (AxB) 500.00 750.00 1500.00* 
EO concentration x pH (AxC) 750.00 -1000.00 -1750.00* 
Contact time x pH (BxC) 525.00 -1675.50 -1250.00 
p value 0.0041 0.0083 0.0028 
R
2
 0.94 0.90 0.93 
Significance of lack of fit >0.05 >0.05 >0.05 
Adequate precision 12.37 7.97 10.46 
Type of model quadratic quadratic quadratic 
*Significant by ANOVA of Design Expert program (p<0.05) 
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Table 6 Regression coefficients, p values, coefficients of determination (R
2
), significance of 
lack of fit, adequate precision and type of model for the response variables obtained after L. 
monocytogenes biofilms subjected to different concentrations of essential oils 
Variables Cinnamon EO Marjoram EO Thyme EO 
Mean 15764.71 2588.24 3341.18 
EO concentration (A) -4250.00* -5500.00* -2100.00* 
EO concentration
2 
(A
2
) - 5500.00* -1975.00 
Contact time (B) -5250.00* -1375.00* -1500.00 
Contact time
2
 (B
2
) - -250.00 -1675.00 
pH (C) -2250.00 -625.00 -150.00 
pH
2 
(C
2
) - 250.00 -4975.00* 
EO concentration x contact time  (AxB) - 2750.00* 2250.00 
EO concentration x pH (AxC) - 1250.00 50.00 
Contact time x pH (BxC) - 0.00 250.00 
p value 0.0027 0.0016 0.034 
R
2
 0.65 0.94 0.84 
Significance of lack of fit >0.05 >0.05 >0.05 
Adequate precision 9.57 13.44 6.22 
Type of model linear quadratic quadratic 
*Significant by ANOVA of Design Expert program (p<0.05) 
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Table 7 Biofilm elimination (%±SD) by essential oils and the two standard industrial 
disinfectants at 24- and 168-hour old E. coli and L. monocytogenes biofilms on polypropylene 
surfaces 
Bacteria Used solution Parameters of 
disinfection solutions* 
Age of biofilm (h) 
24 168 
E. coli** Cinnamon pH 4.5; 1.2 mg/mL     9 ±5.45    29 ±2.94 
  pH 7.5; 1.2 mg/mL  22  ±2.31    57 ±1.01 
 Marjoram pH 4.5; 4.5 mg/mL 100 ±0.00  100 ±0.00 
 Thyme pH 4.5; 3.8 mg/mL 100 ±0.00  100 ±0.00 
 HC-DPE pH 4.0; 0.1% (v/v) 100 ±0.00  100 ±0.00 
 Sodium 
hypochlorite 
pH 7.0; 0.84 mg/mL   87 ±2.70    85 ±2.00 
L. monocytogenes*** Marjoram pH 4.5; 14.5 mg/mL 100 ±0.00  100 ±0.00 
  pH 6.0; 14.0 mg/mL 100 ±0.00  100 ±0.00 
  pH 7.5; 13.5 mg/mL 100 ±0.00  100 ±0.00 
 Thyme pH 4.5; 15.8 mg/mL 100 ±0.00  100 ±0.00 
  pH 7.5; 15.0 mg/mL 100 ±0.00  100 ±0.00 
 HC-DPE pH 4.0; 0.1 % (v/v) 100 ±0.00  100 ±0.00 
 Sodium 
hypochlorite 
pH 7.0; 0.84 mg/mL   78 ±2.93    80 ±3.05 
* Contact time was 10 min in all experiments. **Parameters for disinfection solutions against 
E. coli were determined from Fig. S1-S3. *** Parameters for disinfection solutions against L. 
monocytogenes were determined from Fig. S4-S6. 
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Legend to Figure 
Fig. 1 SEM images of L. monocytogenes biofilms on polypropylene surfaces at pH 4.5. One-
day old biofilm before (A), and after thyme EO treatment (B); 7-days old biofilm before (C) 
and after (D) thyme EO treatment 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
30 
 
Highlights 
Concentration, acting time and pH of essential oil based disinfectants was optimized.  
The disinfectants were used against E. coli and L. monocytogenes biofilms. 
Immature and mature biofilms were eliminated from polypropylene surfaces. 
EO based disinfectants were equivalent to industrial sanitizers. 
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